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ABSTRACT
The colour evolution of reddened Type Ia supernovae can place strong constraints on
the location of dust and help address the question of whether the observed extinction
stems from the interstellar medium or from circumstellar material surrounding the
progenitor. Here we analyse BV photometry of 48 reddened Type Ia supernovae from
the literature and estimate the dust location from their B−V colour evolution. We find
a time-variable colour excess E(B − V ) for 15 supernovae in our sample and constrain
dust to distances between 0.013 and 45 pc (4 × 1016 − 1020 cm). For the remaining
supernovae, we obtain a constant E(B − V ) evolution and place lower limits on the
dust distance from the explosion. In all the 48 supernovae, the inferred dust location
is compatible with an interstellar origin for the extinction. This is corroborated by
the observation that supernovae with relatively nearby dust (. 1 pc) are located close
to the center of their host galaxy, in high-density dusty regions where interactions
between the supernova radiation and interstellar clouds close by are likely to occur.
For supernovae showing time-variable E(B − V ), we identify a potential preference
for low RV values, unusually strong sodium absorption and blue-shifted and time-
variable absorption features. Within the interstellar framework, this brings evidence
to a proposed scenario where cloud-cloud collisions induced by the supernova radia-
tion pressure can shift the grain size distribution to smaller values and enhance the
abundance of sodium in the gaseous phase.
Key words: dust, extinction – circumstellar matter – supernovae: general
1 INTRODUCTION
In the past couple of decades, Type Ia supernovae (SNe Ia)
have been used as cosmological distance indicators and led
to the discovery of the accelerated expansion of the Uni-
verse (Riess et al. 1998; Perlmutter et al. 1999). A key
to such breakthrough discovery was the realization that
the absolute brightness dispersion of SNe Ia can be re-
duced by exploiting two main empirical relations. The first
is the well-known “width-luminosity” relation, which cor-
rects for the fact that intrinsically brighter SNe Ia decline
more slowly after peak (Phillips 1993). The second one, usu-
ally referred to as the “colour-brightness” relation, accounts
for the fact that fainter SNe Ia are typically redder than
brighter SNe Ia (Tripp 1998). Despite their importance for
cosmological studies, the physical origin of these two rela-
tions has not yet been settled (see Goobar & Leibundgut
2011 for a review).
Intervening dust along the line of sight to the observer
can dim the SN radiation and make it redder, thus possibly
? E-mail: mattia.bulla@fysik.su.se
explaining the observed “colour-brightness” relation. How-
ever, both sample studies (Tripp 1998; Astier et al. 2006;
Nobili & Goobar 2008; Kowalski et al. 2008; Burns et al.
2014) and the analysis of individual SNe (Krisciunas et al.
2006; Elias-Rosa et al. 2006, 2008; Wang et al. 2008a; Fo-
latelli et al. 2010; Amanullah et al. 2014, 2015) clearly in-
dicate that the extinction seen in many SNe Ia is peculiar
compared to the one in our Galaxy. Specifically, its wave-
length dependence (the so-called extinction law) is much
steeper than the one observed in the Milky Way (MW).
This is usually parametrised by the total-to-selective extinc-
tion ratio RV = AV/(AB −AV) ≡ AV/E(B − V ), where AX
is the extinction in the band X, with increasingly steeper
extinction laws corresponding to increasingly smaller RV.
While RV ∼ 3 is typical for dust in our Galaxy (Cardelli
et al. 1989), much lower values are often found in SNe Ia
(RV . 2, see references above). Independent confirmations
of low RV come from spectropolarimetry of some reddened
SNe Ia (Patat et al. 2015; Zelaya et al. 2017).
The relatively low RV values have been taken as evi-
dence for circumstellar (CS) material surrounding the pro-
genitor at the time of explosion (Wang 2005; Patat et al.
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2006; Goobar 2008). In particular, multiple-scattering of
photons within a CS shell can increase the relative extinc-
tion at shorter wavelengths and thus steepen the resulting
extinction law. The CS scenario would be consistent with
the claimed detection of CS gas from blue-shifted and time-
variable sodium and potassium features (Patat et al. 2007;
Simon et al. 2009; Sternberg et al. 2011; Foley et al. 2012;
Maguire et al. 2013; Graham et al. 2015; Ferretti et al. 2016)
and with the observed similarities between the continuum
polarization of some reddened SNe Ia and that of proto-
planetary nebulae (Cikota et al. 2017).
Another possible interpretation is that the low RV val-
ues are caused by dust in the interstellar (IS) medium. This
would require IS clouds in the SN host galaxies to be char-
acterized by smaller dust grains compared to those seen in
our Galaxy (Gao et al. 2015; Nozawa 2016), possibly as a
consequence of cloud-cloud collisions induced by the SN ra-
diation pressure (Hoang 2017). Evidences supporting the IS
scenario were given by Phillips et al. (2013) who found a
strong correlation between the extinction of SNe Ia and the
strength of a diffuse interstellar band at 5870 A˚. In addi-
tion, a recent study by Bulla et al. (2018) demonstrated
how the colour evolution of reddened SNe Ia can put strong
constraints on the location of dust. In particular, the time-
evolution of the colour excess E(B − V ) in SN 2006X and
SN 2014J was found to be consistent with dust in the IS
medium.
Understanding the origin of dust extinction is also im-
portant to constraint the progenitor system(s) of SNe Ia
since the amount of CS material is predicted to vary among
different scenarios. While SNe Ia are widely-accepted to
arise from thermonuclear explosion of carbon-oxygen white
dwarves in binary systems, whether the companion star is
a non-degenerate star (“single-degenerate”, SD, scenario) or
another white dwarf (“double-degenerate”, DD, scenario) is
still hotly debated (see e.g. Livio & Mazzali 2018 and ref-
erences therein). In the SD scenario, the high mass trans-
fer preceding the explosion creates high-density CS material
with which the SN radiation is likely to interact. In contrast,
a cleaner local environment is expected from DD models.
In this paper, we use the technique introduced by Bulla
et al. (2018) and estimate dust locations in 48 SNe Ia from
the literature. We describe our dataset in Section 2 and out-
line the approach used to estimate E(B − V ) for both mod-
els and observations in Section 3. We then present our results
in Section 4 and discuss their implication for the CS/IS de-
bate in Section 5. Finally, we draw conclusions in Section 6.
2 DATA
Photometric data of the 48 SNe Ia analysed in this work
are taken from the literature. In particular, photometry for
38 SNe is obtained from either the CfA supernova pro-
gram (Riess et al. 1999; Jha et al. 1999, 2006; Hicken et al.
2009, 2012), the Lick Observatory Supernova Search (LOSS,
Ganeshalingam et al. 2010) or the Carnegie Spectroscopic
Project (CSP, Krisciunas et al. 2017). Photometry references
for all the SNe are reported in Table 1. The time of maxi-
mum in the B−band, tmax(B), the decline in the B−band
magnitude from peak to 15 d after, ∆MobsB,15, and the MW
colour excess, E(B − V )MW, are calculated using snoopy
Table 1. Sample of reddened SNe Ia used in this study. Proper-
ties extracted with snoopy (Burns et al. 2014) and references for
photometry are reported for each SN.
SN tmax(B) ∆MobsB,15 E(B − V )MW Ref.
(MJD) (mag) (mag)
SN 1986G 46560.79 1.66 0.108 1
SN 1989B 47563.84 1.09 0.028 2
SN 1995E 49774.00 0.98 0.023 3
SN 1996ai 50255.30 0.99 0.012 3
SN 1996bo 50386.24 1.21 0.067 3
SN 1997dt 50785.83 1.15 0.048 4
SN 1998bu 50952.30 1.02 0.022 5
SN 1998dm 51060.14 0.86 0.038 6
SN 1999cl 51341.80 1.09 0.032 6
SN 1999ee 51468.32 0.82 0.017 7
SN 1999gd 51519.61 1.27 0.035 4
SN 2000ce 51665.24 0.93 0.047 4
SN 2000cp 51722.21 1.26 0.042 6
SN 2001E 51925.88 0.97 0.033 6
SN 2001dl 52130.90 0.91 0.046 6
SN 2002G 52299.02 1.38 0.011 6
SN 2002bo 52356.79 1.14 0.022 6
SN 2002cd 52383.32 0.91 0.350 6
SN 2002hw 52595.81 1.39 0.093 8
SN 2002jg 52609.82 1.39 0.057 6
SN 2003cg 52729.62 1.09 0.026 8
SN 2003hx 52892.50 1.44 0.072 9
SN 2004ab 53056.32 1.17 0.070 10
SN 2005A 53379.58 1.14 0.026 11
SN 2005bc 53470.33 1.37 0.009 6
SN 2005kc 53698.04 1.25 0.114 8
SN 2006X 53785.62 1.11 0.023 11
SN 2006br 53853.89 1.53 0.020 8,11
SN 2006cc 53873.83 0.91 0.011 8
SN 2006cm 53885.48 0.91 0.041 8
SN 2006gj 53999.94 1.55 0.070 11
SN 2006os 54067.08 1.27 0.125 11
SN 2007S 54143.29 0.80 0.022 11
SN 2007bm 54224.58 1.17 0.035 8
SN 2007ca 54226.68 0.77 0.057 11
SN 2007cg 54230.62 1.06 0.069 8,11
SN 2007cs 54275.66 0.80 0.057 12
SN 2007le 54398.74 0.95 0.029 11
SN 2007ss 54452.55 1.12 0.013 12
SN 2008dt 54646.04 0.93 0.041 6,12
SN 2008fp 54730.52 0.92 0.169 11
SN 2009I 54851.94 0.87 0.027 11
SN 2009fv 55000.44 1.76 0.006 12
SN 2010ev 55384.51 1.14 0.089 13
SN 2012bm 56018.00 0.72 0.010 14
SN 2012cp 56081.10 0.86 0.018 14
SN 2012cu 56105.16 0.90 0.022 14
SN 2014J 56689.64 0.96 0.050 15
Photometry References. (1) Phillips et al. 1987; (2) Wells
et al. 1994; (3) Riess et al. 1999; (4) Jha et al. 2006; (5) Jha
et al. 1999; (6) Ganeshalingam et al. 2010; (7) Stritzinger et al.
2002; (8) Hicken et al. 2009; (9) Misra et al. 2008; (10)
Chakradhari et al. 2018; (11) Krisciunas et al. 2017; (12) Hicken
et al. 2012; (13) Gutie´rrez et al. 2016; (14) Amanullah et al.
2015; (15) Srivastav et al. 2016.
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Figure 1. Procedure to extract E(B − V ) values from observa-
tions. The specific case of SN 1999ee is shown. In the upper panel,
B−V colours as a function of time are shown for SN 1999ee (dia-
monds) and for the Hsiao template before (dashed line) and after
(solid line) the stretch in time has been applied. In the bottom
panel, E(B − V ) values as a function of time are shown before
(open diamonds) and after (filled diamonds) subtracting the MW
colour excess, E(B − V )MW.
(Burns et al. 2014) and also reported for each SN in Ta-
ble 1.
3 ESTIMATING COLOUR EXCESS
In this Section, we outline the approach use throughout the
paper to estimate colour excess values E(B − V ). As dis-
cussed below, extracting colour excess values from both dust
models (Section 3.1) and observations (Section 3.2) require
some assumptions on the intrinsic SN light curves. For most
of the SNe in our sample, the pristine light curves are con-
structed from the spectral template of Hsiao et al. (2007).
For SN 2003hx, SN 2007cf and SN 2014J, photometric data
that are relevant to capture the full E(B − V ) evolution and
to provide strong constraints on the dust localization ex-
tend to epochs not covered by the Hsiao template (& 85 d).
For these particular cases, we take the low-extinction (Patat
et al. 2013), apparently normal ‘plain vanilla’ (Wheeler
2012) SN 2011fe as representative of a pristine SN Ia. In
particular, we adopt photometric data of SN 2011fe from
Munari et al. (2013) as these extend to 325 d after peak.
Here we stress that SN 2011fe is used only when neces-
sary to properly characterize the E(B − V ) evolution of the
reddened SNe, while preferring a template constructed from
a sample of SNe Ia (as the Hsiao template is) for the analy-
sis of most of the objects. We note, however, that the choice
of the template is important, with templates extending to
later epochs typically leading to stronger constraints on the
dust localization (see discussion in Section 4).
3.1 Models
In this work, we use the Monte Carlo code described by Bulla
et al. (2018) and publicly available at https://github.
com/mbulla/dust3d. The code is similar to those in Goo-
bar (2008) and Amanullah & Goobar (2011), and simulates
the propagation of Monte Carlo photons through a dust re-
gion. In particular, it keeps track of the accumulated time-
delay of each photon compared to non-interacting photons,
∆t. The dust region is modelled as a spherical shell at a
given distance ζ from the SN, with an optical depth τλ set
to give a desired colour excess along the direct line-of-sight
(DLOS), E(B − V )DLOS. For the range of E(B − V ) values
used in this work, 0.3 mag 6 E(B − V )DLOS 6 1.75 mag,
optical depths in the B− and V−band are in the range
1.2 6 τB 6 6.8 and 0.9 6 τV 6 5.2, respectively. Dust
properties are taken from Draine (2003) and corresponds to
MW−type dust1.
Photons escaping the dust shell are collected and used
to construct a light curve after interaction with dust. As
described by Bulla et al. (2018), this is done by using a
SN template (see above) and taking into account the dif-
ferent time-delays ∆t of photons escaping the dust shell.
When comparing models to data in Section 4, templates
are stretched in time by a convenient amount s so that
∆MB,15 for the constructed light-curve matches the one ob-
served for the SN under investigation, ∆MobsB,15 (see Table 1).
At each time, the extinction AX in any given X−band is
then computed as the difference between the template and
the constructed light-curve, and the desired colour excess
calculated as E(B − V ) = AB −AV .
3.2 Observations
For the SNe in our sample, E(B − V ) are calculated by com-
paring the observed B−V colours to those from the adopted
template. The procedure is shown in Fig. 1 for the specific
case of SN 1999ee and summarized in the following steps:
• Photometric data points are averaged over 10-day win-
dows following Bulla et al. (2018);
• The SN template is stretched in time by a factor s (see
above);
• B−V colours are calculated for both the observations and
the template;
• The total (host + MW) colour excess is calculated by
subtracting the template B−V from the observed B−V ;
• The MW colour excess of the SN (Table 1) is subtracted
to find the desired extragalactic colour excess E(B − V ).
This procedure is analogous to the one adopted in Amanul-
lah et al. (2014) and Bulla et al. (2018) but does not require
to fit photometric data for both E(B − V ) and RV. This
is justified by the relatively small impact of different dust
compositions (and thus corresponding RV) on the predicted
colour excess values (see fig. 3 of Bulla et al. 2018 and discus-
sion in Section 5.1.1). The different approaches were tested
on SN 2006X and found to give similar results.
1 In terms of E(B − V ) time evolution, our models are not very
sensitive to the specific dust composition (see figs. 2 and 3 of
Bulla et al. 2018 and discussion in Section 5.1.1).
c© 0000 RAS, MNRAS 000, 000–000
4 M. Bulla et al.
−0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
B
−V
(m
ag
)
Hsiao template
SN 2005hc (0.84)
SN 2005ag (0.93)
SN 2006ax (0.99)
SN 2011fe (1.11)
SN 2007as (1.14)
SN 2005ki (1.35)
SN 2005el (1.36)
SN 2005am (1.53)
−20 −10 0 10 20 30 40 50 60 70 80
Epoch relative to B−band maximum (days)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
R
M
SD
(m
ag
)
Figure 2. Estimate of the intrinsic B − V colour variations. In the upper panel, B − V colours are shown for 8 low-reddened SNe Ia
(points) after stretching their light curves to match ∆MB,15 of the Hsiao template (black line) and subtracting the extragalactic and
Galactic E(B − V ) values reported in Burns et al. (2014). In the bottom panel, the root-mean-square deviations (RMSD) of the 8 SNe
about the Hsiao template are shown in 5-day windows from −20 to +85 d relative to B−band maximum. RMSD values thus calculated
are taken as representative of the intrinsic SN colour variations and are reported in Table 2.
Table 2. Intrinsic SN variations in B−V colour in different time
ranges. Epochs are relative to tmax(B).
From To σintr
(d) (d) (mag)
−20 −15 0.302
−15 −10 0.025
−10 −5 0.040
−5 0 0.028
0 +5 0.039
+5 +10 0.048
+10 +15 0.063
+15 +20 0.046
+20 +25 0.070
+25 +30 0.110
+30 +35 0.090
From To σintr
(d) (d) (mag)
+35 +40 0.096
+40 +45 0.111
+45 +50 0.065
+50 +55 0.064
+55 +60 0.080
+60 +65 0.059
+65 +70 0.056
+70 +75 0.026
+75 +80 0.018
+80 +85 0.019
Uncertainties on the extracted E(B − V ) includes prop-
agation of errors on photometric data, σdata, and intrinsic
SN colour variations, σintr. The latter is estimated by com-
paring B − V colours of individual low-reddening SNe Ia
from the CSP sample (Burns et al. 2014) to those predicted
by the Hsiao template. In particular, we follow Folatelli et al.
(2010) and use SNe that are either in E/S0-type galaxies,
located away from dusty regions or with no detection of
Na I D lines in early-time spectra. This is shown in Fig. 2
for 8 SNe Ia with E(B − V ) < 0.05 mag (Burns et al. 2014)
and with a range of observed ∆MobsB,15 spanning the one in
our sample of 48 reddened SNe Ia (0.8 − 1.6 mag). After
stretching light curves for the 8 SNe Ia to match the same
∆MB,15 of the Hsiao template, the root-mean-square de-
viations (RMSD) about the template are typically smaller
than ∼ 0.1 mag. For epochs earlier than −15 d, instead,
the RMSD is large (0.3 mag) and due to the difference in
colour between SN 2011fe and the Hsiao template. Nonethe-
less, we note that this high RMSD has no impact on our
analysis since no SN in our sample has available photom-
etry at these early epochs. The inferred RMSD values are
taken as representative of the intrinsic SN colour variations
and are reported in Table 2. These are in good agreement
with those estimated by Nobili & Goobar (2008). We notice
that the intrinsic B−V colour variations reach ∼ 0.1 mag at
∼ 30−40 d after B−band maximum (when the B−V curve
is at its peak) but they are typically smaller (. 0.05 mag)
at earlier and later epochs. This point will be important
in Section 4 when constraining the dust distance from the
E(B − V ) temporal evolution of some SNe Ia.
c© 0000 RAS, MNRAS 000, 000–000
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Table 3. Dust distance values, ζ, for the 15 SNe in our sample showing a time-variable E(B − V ). For each SN, the χ2 for the best-fit, χ2ν ,
is reported together with that from a model with a constant colour excess (ζ = +∞), χ2ν,const. Inferred E(B − V )DLOS and ∆MtrueB,15 are
also given. SNe are ordered by increasing dust distance ζ.
SN E(B − V )DLOS (mag) ζ (pc) χ2ν χ2ν,const ∆MobsB,15 (mag) ∆MtrueB,15 (mag)
SN 2003hx 0.50 0.013+0.001−0.001 4.14 22.68 1.36 1.69
+0.06
−0.04
SN 1996bo 0.39 0.70+0.22−0.04 4.12 21.70 1.21 1.46
+0.01
−0.06
SN 2007cs 1.38 1.0+0.3−0.3 0.54 19.66 0.80 1.66
+0.48
−0.25
SN 2008dt 0.62 1.0+0.6−0.2 0.26 5.11 0.93 1.17
+0.05
−0.09
SN 2006br 1.00 1.7+0.4−0.2 1.85 14.81 1.53 1.85
+0.04
−0.06
SN 2005A 1.04 4.7+1.3−0.8 2.31 8.34 1.14 1.27
+0.03
−0.03
SN 2007S 0.42 5.7+1.5−1.0 0.22 4.94 0.80 0.82
+0.01
−0.01
SN 2007le 0.34 5.9+1.2−1.0 0.29 6.51 0.95 0.97
+0.01
−0.01
SN 2008fp 0.53 9.4+1.1−0.7 2.18 22.25 0.92 0.94
+0.01
−0.01
SN 2002cd 0.70 9.6+1.2−1.7 1.36 6.18 0.91 0.94
+0.01
−0.01
SN 1999cl 1.08 12.8+4.9−2.9 0.49 3.74 1.09 1.13
+0.01
−0.01
SN 1986G 1.00 14.5+3.3−1.4 1.27 10.36 1.66 1.70
+0.01
−0.01
SN 2002bo 0.46 15.9+3.5−2.8 1.16 4.26 1.14 1.15
+0.01
−0.01
SN 2006X 1.24 17.3+1.3−1.0 1.14 39.02 1.11 1.15
+0.01
−0.01
SN 2014J 1.40 44.6+3.3−2.0 1.11 19.98 0.96 0.97
+0.01
−0.01
4 RESULTS
As described by Bulla et al. (2018), no temporal variations
in the colour excess are expected for dust relatively distant
from the SN since the percentage of photons removed from
the DLOS by dust – and thus the extinction – is the same
at all epochs. In contrast, a time-variable colour excess is
expected for relatively nearby dust due to the simultane-
ous arrival to the observer of non-interacting photons and
of photons scattered by dust. Compared to non-interacting
photons, scattered photons have travelled longer and were
thus emitted earlier with a different brightness and colour.
As a result of the intrinsic SN colour evolution (see Fig. 2),
scattered photons are typically bluer than non-interacting
photons at early epochs, while redder than non-interacting
photons at late epochs. Therefore – after an initial phase
of constant colour excess when the contribution of scattered
photons is negligible – the colour excess evolution is charac-
terized by a first drop (i.e. decreasing reddening) and then
by a later rise (i.e. increasing reddening).
In this section, we analyse the 48 SNe Ia in our sam-
ple and infer dust distance values through the comparison
between observed and predicted E(B − V ). We find 15 SNe
to be characterized by a time-variable colour excess (Sec-
tion 4.1), while the remaining 33 SNe to be consistent with
a constant colour-excess evolution (Section 4.2). Following
Bulla et al. (2018), we extract distance values for the first
sub-sample while distance lower limits for the second sub-
sample.
Best-fit dust models, and corresponding most-probable
distances ζ, are identified via a simple χ2 test. The ex-
tracted dust distance values, together with the inferred
E(B − V )DLOS and ∆M trueB,15, are summarized in Table 3
and Table 4. For SNe showing a time-variable E(B − V ),
we report the most-probable distance values and their
1σ-uncertainties; for SNe compatible with a constant
E(B − V ) evolution, instead, we report 3σ lower-limits on
the dust distance.
4.1 Dust distance estimates
Fig. 3 and Fig. 4 show the extracted E(B − V ) values for the
15 SNe Ia with time-variable extinction, together with the
inferred best-fit dust models. The 15 SNe span a wide range
of E(B − V )DLOS, going from the highly-reddened SN 2014J
(1.40 mag) to SN 2007le (0.34 mag).
For 13 of the 15 SNe, we are able to capture only the
initial constant phase and the drop in E(B − V ). This is
because the rise in E(B − V ) predicted in our models is
not captured either by the available photometry or by the
adopted template (see discussion in Section 3). The inferred
locations of dust for these SNe span a range between 0.7
(SN 1996bo) and ∼ 45 pc (SN 2014J). The full evolution is
instead captured by the remaining two SNe. In the case of
SN 2007cs, this is due to the combination of relatively nearby
dust (∼ 1 pc) and good time-sampling of the light curve (ex-
tending to ∼ 150 d after peak). In the case of SN 2003hx,
instead, the dust is quite nearby the explosion site and thus
the E(B − V ) evolution is faster. Specifically, our models
suggest that dust is located at 0.013 pc. In Section 5.2, we
discuss the possibility that the relatively nearby dust to-
ward this SN is suggestive of CS material connected to the
progenitor system.
We note that the distance locations estimated here for
SN 2006X and SN 2014J differ from those in Bulla et al.
(2018). This is due to the use of different photometric data
for these SNe. For SN 2006X, we adopt data from Krisciunas
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Figure 3. E(B − V ) evolution for 9 of the 15 SNe Ia showing time-variable extinction (white diamonds). SNe are ordered with decreasing
E(B − V )DLOS (from 1.4 to 0.62 mag) from top-left to bottom-right panels. Solid red lines represent best-fit dust models for each SN,
while grey areas the 68.3 % (1σ), 95.4 % (2σ) and 99.7 % (3σ) statistical confidence contours (from darker to lighter). The inferred
distances are reported in the bottom-left corner of each panel, together with their 1σ uncertainties. Horizontal dashed lines in each panel
mark the constant E(B − V ) evolution for ζ = +∞. Note that x−axes have different scales in different panels, while y−axes are the
same in all panels (0.65 mag) except for SN 2007cs (2.6 mag, four times as large), SN 2006br and SN 2008dt (1.3 mag, twice as large).
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Figure 4. E(B − V ) evolution for 6 of the 15 SNe Ia showing time-variable extinction (white diamonds). SNe are ordered with decreasing
E(B − V )DLOS (from 0.53 to 0.34 mag) from top-left to bottom-right panels. Solid red lines represent best-fit dust models for each SN,
while grey areas the 68.3 % (1σ), 95.4 % (2σ) and 99.7 % (3σ) statistical confidence contours (from darker to lighter). The inferred
distances are reported in the bottom-left corner of each panel, together with their 1σ uncertainties. Horizontal dashed lines in each panel
mark the constant E(B − V ) evolution for ζ = +∞. Note that x−axes have different scales in different panels, while y−axes are the
same in all panels (0.65 mag) except for SN 2003hx and SN1996bo (1.3 mag, twice as large).
et al. (2017) and obtain a distance value of ζ = 17.3+1.3−1.0 pc,
slightly smaller than the value obtained by Bulla et al.
(2018) using data from Wang et al. (2008a), ζ = 22.1+6.0−3.8 pc.
For SN 2014J, we use photometry from Srivastav et al.
(2016) extending to ∼ 150 d after maximum, that is to much
later epochs than those covered by photometry from Aman-
ullah et al. (2015, . 40 d post-peak) used in Bulla et al.
(2018). While a roughly constant E(B − V ) was found in
Bulla et al. (2018) and only a 1σ lower limit2 of ζ > 38 pc
was placed on the dust distance, here we identify a drop in
E(B − V ) starting from ∼ 40 d and constraint the presence
2 Note that 1σ lower limits were reported in Bulla et al. 2018,
while here we adopt a more appropriate and conservative choice
of 3σ for the lower limits (see Table 4).
of dust at ζ = 44.6+3.3−2.0. This demonstrates the importance
of late-time photometry to constraint dust distances with
our technique.
4.2 Dust distance lower limits
For the 33 SNe Ia showing a constant colour excess, we
estimate lower limits on the dust distance. Unfortunately,
photometry for many of these SNe is not good enough
(e.g. sparse sampling, lack of early-/late-time epochs) to
unambiguously exclude dust located at distances inferred
in Section 4.1. For instance, about half of these SNe have
rather poor photometry that results into relatively weak con-
straints (ζ & 0.3− 1 pc), while SNe with better photometry
(e.g. SN 1999e in Fig. 1) are more constraining. In particu-
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Table 4. Dust distance lower limits, ζ, for the 33 SNe in our sample showing a constant E(B − V ). For each SN, the χ2 for the
3σ lower-limit model, χ2ν , is reported together with that from a model with a constant colour excess (ζ = +∞), χ2ν,const. Inferred
E(B − V )DLOS and ∆MtrueB,15 are also given. SNe are ordered by dust distance lower limits.
SN E(B − V )DLOS (mag) ζ (pc) χ2ν χ2ν,const ∆MobsB,15 (mag) ∆MtrueB,15 (mag)
SN 2000cp 0.51 > 0.3 7.83 1.66 1.26 1.26−1.57
SN 2006cc 0.44 > 0.3 6.78 5.74 0.91 0.91−1.13
SN 2009I 0.70 > 0.4 5.85 5.63 0.87 0.87−1.21
SN 2012bm 0.38 > 0.4 8.17 0.01 0.72 0.72−0.84
SN 2009fv 0.61 > 0.5 5.80 1.17 1.76 1.76−1.98
SN 2007ca 0.29 > 0.7 3.02 1.79 0.77 0.77−0.82
SN 2007cg 0.76 > 0.7 5.06 0.92 1.06 1.06−1.32
SN 2002jg 0.69 > 0.8 4.76 1.93 1.39 1.39−1.58
SN 2002hw 0.55 > 0.9 3.58 1.80 1.39 1.39−1.55
SN 2001E 0.52 > 0.9 2.87 0.78 0.97 0.97−1.07
SN 2006os 0.34 > 1.0 5.26 2.44 1.27 1.27−1.33
SN 2002G 0.39 > 1.1 3.50 0.69 1.38 1.38−1.47
SN 2000ce 0.57 > 1.2 6.21 1.40 0.93 0.93−1.01
SN 2012cp 0.42 > 1.4 2.16 0.37 0.86 0.86−0.91
SN 2001dl 0.32 > 1.8 3.73 2.08 0.91 0.91−0.93
SN 2005kc 0.30 > 2.1 2.96 0.74 1.25 1.25−1.28
SN 2012cu 1.09 > 3.1 3.22 0.32 0.90 0.90−0.97
SN 2006cm 1.10 > 3.4 2.97 0.74 0.91 0.91−0.99
SN 2006gj 0.33 > 4.2 2.01 0.52 1.55 1.55−1.58
SN 2007ss 0.39 > 6.3 1.93 0.44 1.12 1.12−1.13
SN 1995E 0.77 > 7.7 2.06 0.25 0.98 0.98−1.00
SN 1998dm 0.35 > 8.1 2.43 1.62 0.86 0.86−0.87
SN 2010ev 0.28 > 8.1 7.61 4.61 1.14 1.14
SN 2007bm 0.54 > 8.5 2.07 0.59 1.17 1.17−1.18
SN 1997dt 0.52 > 8.6 4.86 0.38 1.15 1.15−1.16
SN 2005bc 0.43 > 10.1 2.87 1.58 1.37 1.37
SN 1998bu 0.38 > 11.7 5.16 3.36 1.02 1.02−1.03
SN 1989B 0.39 > 14.2 4.74 3.45 1.09 1.09−1.10
SN 1999gd 0.45 > 14.5 2.92 0.68 1.27 1.27
SN 1996ai 1.75 > 15.2 4.75 1.76 0.99 0.99−1.02
SN 1999ee 0.31 > 17.8 3.94 2.44 0.82 0.82
SN 2004ab 1.64 > 18.5 4.15 1.36 1.17 1.17−1.20
SN 2003cg 1.27 > 40.9 3.14 0.89 1.09 1.09
lar, SNe with photometry extending to relatively late epochs
(& 40 d post peak) are typically characterized by strong con-
straints on the dust location (ζ & 5 pc). Again, this high-
lights the importance of late-time photometry. Nevertheless,
comparisons with models suggest that dust for these SNe is
likely to be located at pc-scale distances.
5 DISCUSSION
In Section 4, we extracted dust distance values for the 48
SNe Ia in our sample. The E(B − V ) evolution for most
of the SNe is consistent with dust located at ζ & 1 pc. In
one case, instead, dust is estimated to be much closer to
the SN, at distances where CS material connected to the
progenitor might be present (ζ ∼ 0.013 pc, SN 2003hx).
Here we discuss the implications of our results for explaining
the origin of extinction in SNe Ia. In Section 5.1, we first
compare the dust distance values obtained in this study to
those available in the literature for some of the SNe in our
sample. In Section 5.2, we then provide evidences that dust
seen in all 48 SNe is located within IS clouds. In Section 5.3,
we finally discuss how the “cloud-cloud collisions” scenario
proposed by Hoang (2017) is able to explain our findings
within the IS framework and to answer many open questions
connected to SNe Ia suffering extinction by dust.
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5.1 Comparison to previous studies
5.1.1 Light echoes
An approach to estimate the location of dust in SNe is
through the detection of light echoes, namely light scattered
by dust into the DLOS (see e.g. Patat 2005; Tylenda 2004).
Instead of using early-time photometry as done in this work,
light echo measurements rely on imaging observations and
focus on later times (& 1 year). At these epochs, the SN flux
along the DLOS has faded considerably and the delayed sig-
nal from light scattered by dust produces a ring/arc on the
plane of the sky. Simple geometrical arguments are then used
to work out the dust location from the time-delay and posi-
tion of the appeared light echo. This approach was applied
to a handful of SNe Ia in the past, including four objects in
our sample: SN 1998bu, SN 1995E, SN 2006X and SN 2014J.
Two distinct light echoes were detected towards
SN 1998bu (Cappellaro et al. 2001; Garnavich et al. 2001;
Drozdov 2016), one estimated to be at 10 ± 3 pc from the
SN and the other one between ∼ 100 and 200 pc. Our lower
limit on the dust distance to SN 1998bu is ζ > 11.7 pc,
fully consistent with the outer echo while only marginally
with the inner one. Dust located at 207± 35 pc was instead
inferred from light echo measurements of SN 1995E (Quinn
et al. 2006), in agreement with our lower limit of ζ > 7.7 pc.
A light echo towards SN 2006X was detected by Wang
et al. (2008b) at ∼ 300 d after peak, and the dust responsi-
ble for the echo was located at ∼ 27− 120 pc away from the
SN. Using images at later epochs (680 d), Crotts & Yourdon
(2008) constrained the same echo to be at 26.3±3.2 pc. Anal-
ysis by Drozdov (2016) on even later epochs (∼ 1400 d) re-
sulted in a larger estimate for the SN-dust distance, 80±5 pc.
Our calculations suggest that dust responsible for the bulk
of extinction seen in SN 2006X is located at ζ = 17.3+1.3−1.0 pc
from the SN, 2.6σ away from the findings of Crotts & Your-
don (2008). Using LMC− instead of MW−type dust in our
models gives ζ = 20.1+1.3−1.4 pc, in better agreement with the
light echo estimate (1.8σ).
Light echo detections towards SN 2014J were reported
by Crotts (2015) and Yang et al. (2017). Specifically, both
studies identify an arc-like echo created by dust at ∼ 200−
300 pc and a more diffuse echo originated by an extended
dust layer with an inner radius of ∼ 100 pc. Localization
of possible dust at distances closer than ∼ 70 pc were not
possible due to difficulties in properly removing the DLOS
SN flux within 0.3 arcsec from the SN position. This range
includes the location of dust estimated for SN 2014J in this
work, ζ = 44.6+3.3−2.0, highlighting the advantage of our ap-
proach to identify dust at relatively nearby distances.
Dust distance estimates presented in this work for
SN 1998bu, SN 1995E, SN 2006X and SN 2014J are compat-
ible to those inferred for the same SNe from light echo de-
tections. Both approaches exploit the information from light
scattered by dust, but light echo studies focus on late-time
imaging observations while our technique on photometry at
earlier epochs. As shown above, this difference results in
our technique being more sensitive to relatively-nearby dust
(within a few tens of pc) while light echo measurements to
relatively-far dust (distances larger than a few tens of pc).
5.1.2 Time-evolution of polarization
Dust sufficiently close to the SN is predicted to induce
time-variability in the polarization signal (Patat 2005). The
lack of time-variability in the continuum polarization of
SN 1986G, SN 2006X and SN 2014J was taken by Patat
et al. (2015) as evidence that the bulk of extinction suf-
fered by these SNe stems from IS clouds. In the case of
SN 2014J, a similar conclusion was reached by Kawabata
et al. (2014) analysing optical and near-infrared imaging po-
larimetry. However, observations by Patat et al. (2015) and
Kawabata et al. (2014) were taken at relatively early epochs,
between ∼ 10 d before and ∼ 35 d after peak brightness.
A recent study by Yang et al. (2018) analyses imaging po-
larimetry of SN 2014J at later epochs and claims a variation
in the polarization signal occurring 277 d after maximum
light. This is interpreted as due to ∼ 10−6M of CS dust
located at ∼ 0.2 pc from the SN. Owing to the small mass,
this dust shell is expected to contribute only marginally to
the extinction (see equation 3 in Johansson et al. 2017) and
therefore not to be captured by the approach presented here.
5.1.3 Time-evolution of sodium, potassium and calcium
The detection of time-variable Na I, K I and Ca II features
in SNe Ia can be interpreted as arising in either (i) CS gas
subject to ionisation and recombination effects (Patat et al.
2007) or in (ii) IS gas with covering factor changing with
time due to the expansion of the underlying SN photosphere
(usually referred to as geometric effects, Patat et al. 2010).
Time-variable features were found for three SNe Ia in
our sample. Variations in the Na I D profiles were reported
for SN 2006X (Patat et al. 2007) and SN 2007le (Simon
et al. 2009), while changes in a K I spectral feature were
seen in SN 2014J (Graham et al. 2015; Maeda et al. 2016).
If attributed to outflowing CS gas (see below), the cor-
responding distances for the absorbing material would be
∼ 0.003−0.03, 0.1 and 2−5 pc for SN 2006X, SN 2007le
and SN 2014J, respectively. Our technique places dust at
larger distances from the explosion in the case of SN 2006X
(17.3 pc), SN 2007le (5.9 pc) and SN 2014J (44.6 pc).
We note that – with the exception of SN 2006X – all
the detection of time-variable absorption features in the
literature are also compatible with geometric effects. In
particular, the observed changes in the equivalent widths
of these lines are of the order of those induced by the
SN photosphere expanding in a fractal patchy IS medium
(. 50 mA˚ for Na I D, Patat et al. 2010; Huang et al.
2017). If attributed to geometric effects, changes observed in
SN 2007le and SN 2014J would be qualitatively consistent
with our findings of material at 5.6 and 44.6 pc, respectively.
For SN 2014J, our estimate would also agree with the one
inferred by Maeda et al. (2016) from the non-detection of
time-variable Na I D (a few ∼ 10 pc away from the explo-
sion, see their figure 14). For geometric effects to work in the
case of SN 2006X, where equivalent widths of Na I D were
as high as ∼ 300 mA˚, one would instead need to invoke a
highly non-homogeneous IS medium (see also Chugai 2008
and discussion in Section 5.3).
Time-variability was searched but not detected in low-
resolution spectra of 9 SNe Ia in our sample (Blondin
et al. 2009, 2017): SN 1997dt, SN 1998bu, SN 1998dm,
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Figure 5. Dust distance estimates vs SN position within the host galaxy for the SNe Ia in our sample showing time-variable E(B − V ).
R is the projected galactocentric distance while R25 parametrises the size of the galaxy and is defined as the radius at which the surface
brightness of a spiral galaxy falls off to a level of 25 mag/arcsec2 in the B-band. Open symbols denote SNe Ia occurring within dust lanes
likely characterized by higher dust densities. The hashed area corresponds to distances from the SN where dust is unlikely to survive
(∼ 1016 cm, Amanullah & Goobar 2011). Right panels show the SN location (red cross) for three events in our sample with relatively
small dust distance values: SN 2006br (∼ 1.7 pc, panel A), SN 1996bo (∼ 0.7 pc, panel B) and SN 2003hx (∼ 0.01 pc, panel C).
SN 1999cl3, SN 2002bo, SN 2003cg, SN 2007S, SN 2007bm
and SN 2007ca. Our study suggests that dust is located at
interstellar scales (& 1 pc) for these SNe, and therefore the
lack of time-variability can be interpreted as due to the SN
photosphere expanding into a rather homogenous interstel-
lar medium (i.e. no detectable geometric effects).
5.2 Evidence for interstellar extinction
In Section 4, we analysed the E(B − V ) evolution for all
the SNe Ia in our sample and using dust models inferred the
location of dust in each of them. Here we discuss what these
numbers tell us in terms of the origin of the extinction. In
particular, we frame our discussion in terms of whether the
dust responsible for the extinction is connected (CS) or not
connected (IS) with the SN progenitor system.
E(B − V ) curves consistent with no-time variability are
found for 33 SNe in our sample and the dust inferred to be
at distances larger than ∼ 0.3 pc (Table 4). As discussed in
3 Changes in the Na I D features were originally reported for
SN 1999cl by Blondin et al. (2009), but later found to be due to
measurements errors (Blondin et al. 2017).
Section 4.2, however, photometry for about half of these SNe
is rather poor and does not extend to late-enough epochs
to place strong constraints on the dust location. SNe with
good photometry, e.g. those with last epoch taken later than
40 d after maximum, are more constraining and associated
with dust at ζ & 5 pc . These distances are consistent with
the extinction arising within the IS medium from dust not
connected to the SN progenitor system.
E(B − V ) curves showing time-variability are found for
15 SNe in our sample (Table 3). For most of these SNe, our
simulations indicate that dust is located between 1 and 50 pc
and therefore that the origin of the observed extinction is
likely within IS clouds. SN 2003hx is instead predicted to
have dust much closer to the explosion (0.013 pc). Given
the proximity of dust, it is tempting to think that the ex-
tinction for this SN stems from CS material associated to
the progenitor system. However, the proximity of dust might
also be reflecting extinction by IS clouds in a relatively high-
density region of the host galaxy. In the following, we try to
investigate this in more details by looking at the location of
this SN.
The location of SN 2003hx is interesting in the sense
that this SN occurred very close to the center of the host
galaxy. This is shown in Fig. 5, where we plot the dust
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distance estimates vs the SN location for SN 2003hx and
the remaining 14 SNe with time-variable E(B − V ). The
SN position is calculated as R/R25, where R is the pro-
jected galactocentric distance and R25 parametrises the size
of the galaxy and is defined as the radius at which the sur-
face brightness of a spiral galaxy falls off to a level of 25
mag/arcsec2 in the B-band. Values for R25 are taken from
the Asiago Supernova catalogue (Barbon et al. 1999). Al-
though R/R25 probes a projected rather than a real distance
to the galactic centre, Fig. 5 shows that SN 2003hx not only
is the object in our sample with dust closer to the explosion
but also the one that exploded closer to the center of the
galaxy (R/R25 . 0.1).
A potential trend of increasing dust distance with in-
creasing galactocentric radius is found when looking at
the other 14 SNe. This is especially true when removing
SN 2002bo, SN 2007cs, SN 1986G and SN 2014J that are
known to occur in peculiar regions of their host galaxy,
specifically within dust lanes. In particular, SNe at interme-
diate distance from the galactic centre (0.1 . R/R25 . 0.2)
are associate with dust between ∼ 1 and ∼ 5 pc, while those
at larger distances (R/R25 & 0.2) with dust around 10 pc.
The observed trend is what one would expect if the extinc-
tion in all the 15 SNe is located within IS clouds, with the
chances of interacting with a dust layer increasingly closer to
the SN site becoming higher as one moves from the outskirts
to the center of the galaxy.
We conclude that the extinction in all the 48 SNe Ia is
likely to originate from dust in the IS medium not connected
to the SN progenitor system.
5.3 A scenario for interstellar dust
The extinction observed for the 48 SNe Ia in our sample is
likely to occur within IS clouds. Here we discuss a possible
scenario in the IS framework that can account for most of
the open questions connected to reddened SNe Ia, namely
the origin for the low RV values, the unusually large sodium
abundance, the preference for blue-shifted absorption fea-
tures and the time-variability of sodium and potassium fea-
tures (see Section 1). These open questions, together with
their possible interpretation within the IS scenario, are sum-
marised in Table 5 and discussed in the following.
In a recent study, Hoang (2017) suggested that strong
radiation pressure from a SN explosion can accelerate dust
grains to high terminal velocities and induce collisions be-
tween the cloud closest to the SN and another cloud in its
vicinity. Specifically, grains of size a at distance ζ from the
SN will be accelerated to velocities
v ∼ 171
(
Lbol
108L
)1/2(
ζ
100 pc
)−1/2(
a
10−5 cm
)−1/2
km s−1
(1)
where Lbol is the bolometric luminosity of the SN (see also
Hoang et al. 2015). Hence, even relatively distant dust clouds
(ζ ∼ 100 pc) can be accelerated to rather large velocities
(∼ 200 km s−1) for bolometric luminosities of the order
of Lbol ∼ 108 L. For a typical SN Ia, this luminosity is
reached within a few days after explosion (∼ 15 d before
peak, Pereira et al. 2013).
The peculiarly low RV values seen in some SNe Ia are
explained by this scenario in terms of a shift in grain sizes
from larger to smaller values caused by the cloud-cloud col-
lisions (Hoang 2017). In other terms, it is the SN itself that
affects the IS environment and causes the dust properties to
change from known (i.e. MW−like) to peculiar. Supporting
this picture are observations by Hutton et al. (2015) which
indicate that dust at the location of SN 2014J in M82 was
normal (RV ∼ 3, see their figure 6) a few years before ex-
plosion.
Moreover, the cloud-cloud collision scenario holds
promises for explaining the Na column-density excess ob-
served in some reddened SNe Ia. Following Phillips et al.
(2013), this can be defined as
∆NNa = NNa − 1013.180+1.125 logAV , (2)
where NNa is the observed sodium column density while the
second term the one expected from the extinction AV if the
dust-to-gas relation seen in the MW is valid. In the scenario
proposed by Hoang (2017), the collisions between clouds not
only leads to a change in the grain size distribution but also
enhances the abundance in the gaseous phase of sodium (and
other atoms), thus explaining why Na column densities are
unusually strong in some reddened SNe Ia.
Given the above arguments, a correlation might be
expected between RV and ∆NNa in reddened SNe Ia. In
Fig. 6, we show these two parameters for a sample of 18
SNe Ia4 from the literature (Phillips et al. 2013; Amanul-
lah et al. 2015; Ritchey et al. 2015). While we use values
taken from the literature for most of the SNe, AV for the
7 SNe that are also in our sample are calculated using the
E(B − V )DLOS from Tables 3 and 4. We do not see a clear
correlation between RV and ∆NNa in Fig. 6. However, we
notice a preference for SNe Ia with lower RV to have larger
∆NNa. It is intriguing that most of the SNe characterized
by low RV and high Na abundances are those in our sample
for which we estimate the dust to be at pc-scale distances to
the explosion (SN 2002bo, SN 2006X, SN 2007le, SN 2008fp
and SN 2014J). This should be a natural prediction in the
scenario proposed by Hoang (2017), where the efficiency of
the collision mechanism is expected to be higher for closer
compared to more distant dust clouds.
The acceleration of dust clouds towards the observer
can also explain the observed preponderance of blue-
shifted absorption features in the spectra of some red-
dened SNe Ia. In particular, velocities estimated from equa-
tion (1) show a reasonable match to those observed in SNe Ia
(∼ 100 km s−1). It is also encouraging that blue-shifted
absorption features were identified in almost all the events
in Fig. 6 showing low RV and high sodium excess, namely
SN 2002bo, SN 2006X, SN 2006cm, SN 2007le, SN 2008fp
and SN 2014J (Sternberg et al. 2011; Foley et al. 2012;
Phillips et al. 2013; Graham et al. 2015; Maeda et al. 2016).
Phillips et al. (2013) already pointed out that the SNe in
their sample with unusually strong Na are all associated
with blue-shifted absorptions. In contrast to the interpre-
tation provided here, however, this was taken as evidence
for CS material since the presence of outflowing material
4 Note that here we include only SNe Ia from the literature dis-
playing a Na excess, i.e. those with ∆NNa > 0.
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Figure 6. Sodium column-density excess, ∆NNa, vs RV values for 18 SNe in the literature (Phillips et al. 2013; Amanullah et al. 2015;
Ritchey et al. 2015). Sodium excess are calculated as in equation (2) following Phillips et al. (2013). SNe in our sample are labelled and
shown with star symbols: filled stars are SNe with time-variable E(B − V ) and a dust distance estimate, while open star corresponds to
SN 2006cm that shows a constant E(B − V ) evolution and for which a lower limit on the dust distance is placed. SNe that are not in
our sample are shown with open circles. The horizontal (vertical) dashed line divides the sample so that half of the points are above (to
the right of) and half below (to the left of) this line.
Table 5. Observational constraints for reddened SNe Ia, together with their possible interpretations within the IS scenario.
Observation IS scenario interpretation
Low RV SN radiation → cloud-cloud collisions → from big to small dust grains (Hoang 2017)
Unusually strong sodium SN radiation → cloud-cloud collisions → enhancement of atoms (e.g. sodium) in gaseous phase
Blue-shifted absorption features SN radiation → clouds accelerated towards the observer (see equation 1)
Variable absorption features Expanding SN photosphere / geometric effect (Chugai 2008; Patat et al. 2010)
connected to the progenitor system was the only natural
explanation for the observed blue-shifted features5.
As discussed in Section 5.1, the observed time-
variabilities in Na and K features can only be explained in
the IS framework by invoking some geometric effects. While
most of the variations seen in SNe Ia are compatible with
the projected SN photosphere expanding in a fractal patchy
IS medium (Patat et al. 2010; Huang et al. 2017), those ob-
served in SN 2006X would require a highly non-homogeneous
5 Note that the scenario of Hoang (2017) had not been proposed
yet at the time the study by Phillips et al. (2013) was conducted.
IS medium (see also Chugai 2008). It is again encouraging
that all the normal SNe Ia showing time-variability in either
Na or K (SN 2006X, SN 2007le, SN 2014J) have dust in rel-
atively nearby interstellar clouds according to our analysis,
at distances where the covering factor of IS clouds can be
significant and rapidly varying with time.
In summary, our analysis suggests that low RV values,
unusually strong Na abundances and blue-shifted and time-
variable absorption features are likely to originate from IS
clouds relatively nearby to the explosion (pc-scale distances)
and experiencing collisions induced by the SN radiation pres-
sure (Hoang 2017).
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6 CONCLUSIONS
We have studied the temporal evolution of the colour excess
E(B − V ) in 48 SNe Ia. Comparing the observed evolution
to that predicted by dust models from Bulla et al. (2018), we
constrained the location of dust ζ in each SN. We summarise
the main findings of our analysis in the following:
• 15 SNe in our sample show time-variable E(B − V ). We
predict dust to be located at distances in the range
0.013− 1 pc for 4 of these SNe, while between ∼ 1 and
50 pc for the remaining SNe;
• 33 SNe in our sample are consistent with no time-
variability in E(B − V ). For these SNe, we place lower
limits on the dust distance that range from ζ & 0.3 to
ζ & 40 pc. We highlight how the rather poor light-curve
sampling, and specifically the lack of late-time epochs, in
about half of these SNe result in poor constraints on the
dust location;
• The inferred dust locations for all the 48 SNe Ia are consis-
tent with the observed extinction arising within IS clouds.
This is corroborated by the fact that SNe interacting with
dust relatively nearby (ζ . 1 pc, at possible CS scales) are
those in our sample that are the closest (in projection) to
the center of their host galaxy, where high-density dust
environments are expected;
• Comparing our results to those in the literature, we find
that SNe interacting with interstellar dust at pc-scale dis-
tances show a preference for low RV, unusually strong Na
absorption and blue-shifted and time-variable absorption
features;
• In the IS framework, we interpret the last point as a possi-
ble evidence supporting the cloud-cloud collision scenario
by Hoang (2017). Relatively nearby IS clouds can be ac-
celerated towards the observer (hence blue-shifted absorp-
tion) by strong SN radiation pressure and then collide
with clouds in their vicinity, thus causing the destruc-
tion of big into smaller grains (hence low Rv) and the
enhancement of sodium in the gaseous phase (hence un-
usually Na absorption). In the IS scenario, the observed
time-variabilities of sodium and potassium would instead
be explained by the change in the covering factor of the
IS gas following the expansion of the underlying SN pho-
tosphere (namely by invoking geometric effects);
• We do not find any evidence for CS dust, thus tentatively
supporting progenitor scenario with rather clean local en-
vironments (e.g. double-degenerate systems).
In this study, we highlighted the power of photometry
to place constraints on the location of dust towards SNe Ia,
showing in particular the importance of both early- and
late-time data. Surveys like the ongoing Zwicky Transient
Facility (ZTF, Kulkarni 2016) will be valuable in finding
reddened and nearby SNe Ia at early epochs, allowing for
dedicated photometric follow-ups to sample the light-curves
of these SNe in the months following the explosion. This will
allow us to test the results presented here on an even larger
sample, possibly solving the questions about the origin of
the extinction in SNe Ia.
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